Calibrating the binary black hole population in nuclear star clusters
  through tidal disruption events by Fragione, Giacomo et al.
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 29 June 2020 (MN LATEX style file v2.2)
Calibrating the binary black hole population in nuclear
star clusters through tidal disruption events
Giacomo Fragione1,2?, Rosalba Perna3,4, Abraham Loeb5
1Department of Physics & Astronomy, Northwestern University, Evanston, IL 60202, USA
2Center for Interdisciplinary Exploration & Research in Astrophysics (CIERA), Evanston, IL 60202, USA
3Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
4Center for Computational Astrophysics, Flatiron Institute, New York, NY 10010, USA
5Astronomy Department, Harvard University, 60 Garden St., Cambridge, MA 02138, USA
29 June 2020
ABSTRACT
As the sensitivity of gravitational wave (GW) instruments improves and new networks
start operating, hundreds of merging stellar-mass black holes (SBHs) and intermediate-
mass black holes (IMBHs) are expected to be observed in the next few years. The
origin and distribution of SBH and IMBH binaries in various dynamical environments
is a fundamental scientific question in GW astronomy. In this paper we discuss the
electromagnetic window provided by tidal disruption events (TDEs) of stars, into the
assembly and merger of binary SBHs and IMBHs in nuclear star clusters (NSCs).
We discuss how the host NSC mass and density and the slope of the black-hole mass
function set the orbital properties and the masses of the binaries that undergo a
TDE. For typical NSC properties, we predict a merger rate of ∼ 10−6–10−7 yr−1 per
galaxy. The lightcurve of TDEs in NSCs could be interrupted and modulated by the
companion black hole on the orbital period of the binary. The ejected mass associated
with TDEs can produce optical transients of luminosity ∼ 1042–1044 erg s−1 over
timescales of days to months. These should be readily detectable by optical transient
surveys such as the Zwicky Transient Facility and LSST.
Key words: stars: black holes – galaxies: kinematics and dynamics – stars: black
holes – stars: kinematics and dynamics – galaxies: nuclei
1 INTRODUCTION
Ten binary stellar-mass black holes (SBHs) and one bi-
nary neutron star (NS) have been detected through their
gravitational wave (GW) emission during the first and sec-
ond observing runs of LIGO/Virgo1 (LIGO/Virgo Scien-
tific Collaboration 2019a). The third run has already re-
vealed the merger of a binary NS of ∼ 3.4 M (LIGO/Virgo
Scientific Collaboration 2020b), the most massive ever ob-
served, and the merger of a binary SBH with a low-mass
ratio and high spin (LIGO/Virgo Scientific Collaboration
2020a). The merger rate in the local Universe has been esti-
mated to be in the ranges ∼ 9.7–101 Gpc−3 yr−1 and ∼ 250–
2810 Gpc−3 yr−1 for binary SBH and NS, respectively. No
SBH-NS binaries have been confirmed, with a LIGO/Virgo
90% upper limit of ∼ 610 Gpc−3 yr−1 on the merger rate
(LIGO/Virgo Scientific Collaboration 2019a).
Many astrophysical scenarios have been proposed to
? E-mail: giacomo.fragione@northwestern.edu
1 http://www.ligo.org
explain the mergers observed via GW emission by the
LIGO/Virgo collaboration. Possibilities include isolated bi-
nary evolution (Belczynski et al. 2016; Giacobbo & Mapelli
2018; Kruckow et al. 2018), mergers in star clusters (Askar
et al. 2017; Banerjee 2018; Fragione & Kocsis 2018a; Ro-
driguez et al. 2018; Samsing 2018; Di Carlo et al. 2019; Perna
et al. 2019; Kremer et al. 2020; Di Carlo et al. 2020), merg-
ers in galactic nuclei (O’Leary et al. 2009; Antonini & Perets
2012; Fragione et al. 2019; Grishin et al. 2018; Hamilton &
Rafikov 2019; Rasskazov et al. 2019), mergers in gaseous
disks (Bartos et al. 2017; Tagawa et al. 2019), and Lidov-
Kozai (LK) mergers in isolated triple and quadruple systems
(Antonini et al. 2017; Silsbee & Tremaine 2017; Fragione &
Kocsis 2019; Hamers & Thompson 2019; Liu & Lai 2019).
Merger of black holes of ∼ 102 M–105 M, in the
regime of intermediate-mass black holes (IMBHs), could
also be detected by GW instruments. At design sensitiv-
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ity, LIGO/Virgo, the Einstein Telescope2 (ET), and LISA3,
will be able to detect GW sources from merging IMBHs
of masses up to ∼ 100 − 1000 M, ∼ 103 − 104 M and
& 104 M, respectively (e.g., Amaro-Seoane et al. 2007; Fra-
gione et al. 2018; Bellovary et al. 2019). Using the non-
detection of massive binaries in the first two observational
runs, the LIGO/Virgo collaboration placed upper limits
on merging IMBHs of the order of ∼ 0.1–1 Gpc−3 yr−1
(LIGO/Virgo Scientific Collaboration 2019b).
Mergers of binaries where one or both components are
IMBHs can occur in a variety of environments. Unlike the
SBH case, binaries hosting an IMBH cannot be produced by
the collapse of stars in a canonical binary evolution, except
for the case of Pop III stars (Madau & Rees 2001; Bromm &
Larson 2004; Fryer et al. 2001; Bromm 2013; Loeb & Furlan-
etto 2013). Therefore, dynamical scenarios are generally fa-
vored, representing the ideal place where an IMBH can find a
SBH/NS/IMBH companion to merge with. These environ-
ments include nuclear star clusters (Mastrobuono-Battisti
et al. 2014; Fragione & Leigh 2018a; Antonini et al. 2019),
globular clusters (Mandel, Brown, Gair & Miller 2008; Fra-
gione, Ginsburg & Kocsis 2018; Fragione, Leigh, Ginsburg
& Kocsis 2018; Rasskazov, Fragione & Kocsis 2019), and ac-
tive galactic nuclei (AGN) accretion disks (McKernan et al.
2012, 2014).
As the sensitivity of current GW detectors improves and
new networks start operating, hundreds of merging SBHs
and IMBHs are expected to be observed over the next few
years. The origin and distribution of SBH and IMBH bina-
ries in dynamical environments is a key scientific question
that will be addressed with future GW data.
In this paper we discuss the electromagnetic window,
provided by tidal disruption events (TDEs) of stars, into the
assembly and merger history of binary SBHs and IMBHs4
in nuclear star clusters (NSCs). In this environment the
lightcurve of the TDEs can be interrupted and modulated
by the companion BH on the orbital period of the binary
(e.g., Liu et al. 2009; Coughlin et al. 2017; Fragione et al.
2019), which can then be used to probe the binary SBH
and IMBH orbital period distribution (Samsing et al. 2019).
We compute the rates of TDEs for various NSC masses and
densities, and different distributions of the SBH and IMBH
mass function. We also discuss the typical electromagnetic
signal expected as a result of these events and how it can be
used to detect binary BHs.
The paper is organized as follows. In Section 2, we de-
scribe the various channels that lead to the formation of
binary BHs. In Section 3, we show how TDEs can be used
to infer the characteristics of binary BHs in galactic nuclei,
and compute the relative rates for a population of SBHs and
IMBHs. In Section 4, we discuss the electromagnetic signa-
tures of these events. Finally, in Section 5, we discuss the
implications of our findings and draw our conclusions.
2 http://www.et-gw.eu
3 https://lisa.nasa.gov
4 In the following, we use BH to refer to either SBH or IMBH
without distinction.
2 BLACK HOLE BINARIES IN NUCLEAR
STAR CLUSTERS
First, we describe the main mechanisms that can lead to
the formation of hard SBH-SBH, IMBH-SBH, and IMBH-
IMBH binaries in a given NSC. We label the mass and the
density of the NSC MNSC and ρNSC, respectively. We define
the cluster velocity dispersion σ = vesc/(2
√
3), where vesc is
the cluster escape speed (Georgiev et al. 2009),
vesc = 40 km s
−1
(
MNSC
105 M
)1/3(
ρNSC
105 Mpc−3
)1/6
. (1)
We consider stars undergoing TDEs onto hard binaries
that are formed through the interaction of initially unbound
BHs. Hard binaries can be defined based on the softness
parameter (Heggie 1975),
η =
Gm1m2
2a〈m〉σ2 , (2)
where m1 is the mass of the primary BH, m2 (m2 < m1)
is the mass of the secondary BH, a and e the semi-major
axis and eccentricity of the binary, respectively, and 〈m〉
and σ are the average cluster mass and the cluster velocity
dispersion, respectively. Binaries with η  1 are called soft
binaries and will become even softer on average, until they
are disrupted by interactions with other stars and compact
objects; on the other hand, binaries with η  1 are referred
to as hard binaries and tend to become even harder (Heggie
1975). As a result of their interactions with other stars and
compact objects, these binaries could eventually achieve suf-
ficiently small semi-major axis (A) and sufficiently high ec-
centricity (E) to merge via GW emission within a timescale
(Peters 1964),
TGW =
5
256
A4c5
G3m1m2(m1 +m2)
(1− E2)7/2 . (3)
2.1 Three-body encounters
We consider the formation of binary BHs through the in-
teraction of three objects in the core of a NSC. Interactions
come in two flavours, encounters between three single ob-
jects and encounters between a single and a binary (e.g.,
Antonini & Rasio 2016; Fragione & Silk 2020).
In the first case, BH binaries can be assembled through
three-body processes in which a binary is formed with the
help of a third BH, which carries away the excess energy
needed to bind the pair. This happens on a typical timescale
(e.g., Lee 1995)
t3bb = 125 Myr
(
106 pc−3
nNSC
)2
×
×
(
ξ−1
σ
30 km s−1
)9(20 M
mBH
)5
, (4)
where nNSC is the cluster number density, mBH is the typical
BH mass, and
ξ−1 =
〈mBH〉σ2BH
〈m∗〉σ2 (5)
is the deviation from energy equipartition between BHs and
stars in the NSC.
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Binary BHs can also form through exchange interac-
tions, mediated initially by primordial stellar binaries. When
a BH gets within a couple of semimajor axes lengths of a
binary, it will tend to break the binary and to acquire a
companion. After BH binaries are formed, they dominate
the dynamics inside the cluster core. Assuming the interac-
tion is between three BHs, the typical timescale on which a
three-body interaction occurs is5 (Miller & Lauburg 2009),
t1 = 300 Myr ξ
−1
(
106 pc−3
nNSC
)( σ
30 km s−1
)
×
×
(
30 M
mtot
)(
1 AU
ahard
)
, (6)
where mtot is the total mass of the three BHs in the binary-
single encounter, and ahard is the hardening semi-major axis
(Quinlan 1996),
ahard = 2.5 AU
(
m2
10 M
)( σ
30 km s−1
)−2
. (7)
After a binary BH is formed at ∼ ahard, it tends to
shrink at a constant rate (Quinlan 1996), eventually down
to a separation,
aGW = 0.05 AU
(
m1 +m2
20 M
)3/5(
106 M pc−3
ρNSC
)1/5
×
×
( σ
30 km s−1
)1/5( q
(1 + q)2
)1/5
, (8)
where GWs takes over and hence the binary merges within
TGW (Eq. 3). In the above equations, we have assumed cir-
cular binaries. Note that during one of the interactions that
makes the binary shrink, the binary itself can receive a dy-
namical kick such that it is ejected from the host NSC (An-
tonini & Rasio 2016).
2.2 Gravitational-wave captures
Binary BHs can form as a result of gravitational
bremsstrahlung. In this scenario, two single BHs pass suf-
ficiently close to each other to dissipate enough energy via
GW radiation to remain bound (e.g., Turner 1977).
To compute the cross section in this scenario, we follow
Fragione et al. (2020) (see also O’Leary et al. 2009; Gonda´n
et al. 2018; Rasskazov & Kocsis 2019; Samsing et al. 2019).
We consider the cross section for a BH of massm1 to undergo
an encounter with an BH of mass m2 = qm1 (q < 1), within
a pericenter distance rp 6 Rcap. We now define Rcap to
be the maximum distance below which the two BHs remain
bound, thus forming a binary. In the gravitational focus-
ing limit the encounter cross-section is (Quinlan & Shapiro
1987),
Σcap = 2piG
m1(1 + q)Rcap
σ2
, (9)
where σ is the NSC dispersion velocity. For an interaction
to result in a GW capture, the energy radiated at the first
5 Assuming a SBH typical mass of 10 M and a binary fraction
fb = 0.01 (Morscher et al. 2015).
pericenter passage from GW emission (Turner 1977),
∆EGW =
85pi
12
√
2
G7/2
c5
m
9/2
1
R7/2cap
q2(1 + q)1/2 (10)
has to be smaller than the relative kinetic energy (1/2)µσ2,
where µ is the binary BH reduced mass. This fixes the max-
imum pericenter distance Rcap to
Rcap = RS,1
(
85pi
96
)2/7 ( c
σ
)4/7
q2/7(1 + q)3/7 , (11)
where RS,1 = 2Gm1/c
2 is the Schwarzschild radius of the
primary BH. The semi-major axis and eccentricity of the
new-formed binary can be derived as (O’Leary et al. 2009),
acap =
Gm21q
2|EF | , (12)
and
ecap =
(
1− 2|EF |σ
2b2cap
G2m31q(1 + q)
)1/2
, (13)
respectively. In the previous equations, EF = (1/2)µσ
2 −
∆EGW and bcap is the impact parameter, related to the peri-
center of the orbit through
rp ≈ b
2
capσ
2
2Gm1(1 + q)
. (14)
However, binary BHs formed through GW captures are typ-
ically very eccentric and merge within a few minutes up to
a few years (depending on the BH masses) after formation
(O’Leary et al. 2009; Rasskazov & Kocsis 2019; Fragione
et al. 2020).
2.3 Other channels
Star clusters are promising environments for forming binary
BHs (Askar et al. 2017; Fragione & Kocsis 2018b; Rodriguez
et al. 2018). For what concerns IMBHs, a number of stud-
ies showed that the most massive stars may segregate and
merge in the core of the cluster, forming a massive growing
object that could collapse to form an IMBH (Portegies Zwart
& McMillan 2002; Gu¨rkan et al. 2004; Giersz et al. 2015).
Binaries can later be formed through three-body interac-
tions (Mandel et al. 2008; Fragione & Bromberg 2019). Star
clusters born in the innermost galactic regions could have
dynamical friction timescales small enough to efficiently in-
spiral into the centres of galaxies (e.g., Tremaine et al. 1975;
Capuzzo-Dolcetta & Miocchi 2008; Gnedin et al. 2014). Any
binary BH formed within these clusters could therefore be
delivered to the innermost regions of the host galaxy (e.g.,
Gu¨rkan & Rasio 2005; Mastrobuono-Battisti et al. 2014;
Arca-Sedda & Gualandris 2018; Fragione et al. 2018).
Binary BHs could also form efficiently in the gaseous
disks of active galactic nuclei (AGN; McKernan et al. 2012,
2014). If migration traps are present in the gaseous disk
surrounding a supermassive BH, differential gas torques ex-
erted on the orbiting SBHs and IMBHs will cause them to
migrate towards a migration trap (Secunda et al. 2018).
Turbulence in the gaseous disk can knock orbiting SBHs
out of resonance, allowing them to drift close to the trap
and experience a close interaction with other BHs. Since
the interactions are dissipative due to the gas, it could be
c© 0000 RAS, MNRAS 000, 000–000
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possible to form SBH-SBH, IMBH-SBH, and IMBH-IMBH
binaries. Some of these objects could also merge repeatedly,
thus forming massive BHs (McKernan et al. 2019; Yang et al.
2019).
3 TIDAL DISRUPTION EVENTS IN BINARY
BLACK HOLES
More than ∼ 60% of early- and late-type galaxies show ob-
servational evidence indicating that the nuclear regions of
galaxies are occupied by a NSC and/or a central supermas-
sive black hole. NSCs are present mainly in faint galaxies,
while supermassive black holes are common in galaxies with
masses & 1010 M (e.g., Capuzzo-Dolcetta & Tosta e Melo
2017). The most complete catalog of NSC can be found in
the sample of Georgiev et al. (2016). This sample of NSCs
comprises the systems in spheroid-dominated galaxies (Coˆte´
et al. 2006; Turner et al. 2012) and disc-dominated galaxies
(Georgiev et al. 2009; Georgiev & Bo¨ker 2014). The masses
and densities of the known NSCs are 104 M . MNSC .
108 M and 104 M pc−3 . ρNSC . 108 M pc−3, respec-
tively (see e.g. Fig. 1 in Fragione & Silk 2020).
In our study, we consider the fate of a star (assumed to
have solar mass, m∗ = 1 M, and radius, R∗ = 1 R) that
interacts with a binary SBH-SBH, IMBH-SBH, or IMBH-
IMBH during its lifetime in NSCs of various masses and
densities. Table 1 summarizes the properties of the host NSC
we consider in this work. We also run models with different
slopes of the BH mass function, assumed to follow a negative
power-law with exponent β. SBH masses are drawn in the
interval [5 M, 100 M), while IMBH masses in the interval
[102 M, 104 M].
As discussed in Chen et al. (2009) and Chen et al.
(2011) in the context of supermassive black hole binaries,
close resonant encounters and secular effects of the stars
that are trapped within the binary orbit can efficiently pro-
duce TDEs. To quantify the probability of TDEs, we define
the cross section
ΣTDE = pib
2
maxΣˆTDE , (15)
where bmax is the maximum impact parameter and
ΣˆTDE =
NTDE
Ntot
(16)
is the branching ratio. Here, NTDE is the number of scat-
terings that ends in a TDE, and Ntot is the total num-
ber of scattering experiments. In our simulations, we fix
bmax = 2ahard, since the stars that result in a TDE are
the ones that can be effectively deflected and trapped in the
binary BH orbit. For each model in Table 1, we run 105
scattering experiments, using the FEWBODY numerical toolkit
(Fregeau et al. 2004).
3.1 Dependence on the maximum black hole mass
In Mod1 and Mod2 (see Table 1), we consider scattering
experiments of stars interacting with equal-mass binaries.
We consider both SBH-SBH and IMBH-IMBH binaries. In
order to estimate the role of the maximum BH mass, we
fix the binary semi-major axis to the hardening semi-major
axis ahard (Eq. 7).
Table 1. Model parameters: name, mass of the NSC (MNSC),
density of the NSC (ρNSC), slope of the black hole mass function
(β).
Name MNSC (10
7 M) ρNSC (106 M pc−3) β
Mod1 1 1-10 -
Mod2 1–10 5 -
Mod3 0.5–10 1 2.3
Mod4 0.5 1–50 2.3
Mod5 0.5 1 1.0-4.0
We plot in Figure 1 the branching ratio Σˆ as a function
of the SBH mass mSBH (left panel) and as a function of the
IMBH mass mIMBH (right panel) for equal mass binaries. In
the top panel we show the branching ratio for TDEs in the
case the host NSC has mass MNSC = 10
7 M and different
densities, while in the bottom panel we show the branch-
ing ratio for TDEs in the case the host NSC has density
ρNSC = 5×106 M pc−3 and different masses. In both cases,
we find that Σˆ decreases for larger BH masses. Moreover, the
branching ratio becomes larger for larger NSC masses and
densities. These trends can be understood in terms of the
scale of the hardening radius,
ahard ∝ mBH
σ2
∝ mBH
M
2/3
NSCρ
1/3
NSC
. (17)
For fixed NSC mass and density, larger BH masses corre-
spond to larger hardening radii; on the other hand, larger
NSC masses and densities lead to larger hardening radii, at
a fixed BH mass. While wider binaries can intercept a larger
flux of incoming stars, the stars that lead to a TDE are the
ones that, during resonant encounters, have the chance to
pass within the tidal radius,
RT = R∗
(
mBH
m∗
)1/3
, (18)
of one of the two BHs (mBH) and be tidally disrupted. As
a result, the branching ratio is smaller for wider binaries,
since it will be less probable for a star to pass close enough
(. RT) to one of the BHs during resonant encounters.
3.2 Dependence on NSC mass and density and
slope of black hole mass function
In Mod3, Mod4, and Mod5, we consider a population of
SBH-SBH, IMBH-SBH, IMBH-IMBH binaries to study the
effect of the NSC mass, NSC density, and slope of the mass
function. In these models, we consider binaries that are hard
enough not to be ionized by encounters with other stars
and compact objects (a < ahard), but wide enough such
that their dynamics is not dominated by GW emission (a >
aGW). To this end, we sample the semi-major axis of the
interacting binary BHs from a log-uniform distribution in
the interval (aGW, ahard). BH masses are sampled from a
negative power law with exponent β.
We present the results of our scattering experiments
in Figure 2, for SBH-SBH (orange), IMBH-SBH (red), and
IMBH-IMBH (green) binaries. In the top panel we show Σˆ
as a function of the NSC mass (ρNSC = 5 × 106 M pc−3,
β = 2.3); in the central panel, we plot the branching ra-
tio as a function of the NSC density (MNSC = 10
7 M,
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Left: branching ratio (Σˆ) as a function of the SBH mass (mSBH) for equal mass binaries at the hardening radius. Right:
branching ratio as a function of the IMBH mass (mIMBH) for equal mass binaries at the hardening radius. Top panel: MNSC = 10
7 M
and different values of ρNSC; bottom panel: ρNSC = 5× 106 M pc−3 and different values of MNSC.
β = 2.3); in the bottom panel, we show Σˆ as a function
of the the slope of the BH mass function (MNSC = 10
7 M,
ρNSC = 5× 106 M pc−3). The general trend with ahard dis-
cussed previously is in part smeared out by the fact that we
sample the binary semi-major axis in the range (aGW, ahard),
rather than having it fixed to ahard. Moreover, BHs do not
have a fixed mass, as in Mod1 and Mod2 in equal-mass bina-
ries, but their masses are sampled from a distribution. Addi-
tionally, we find that SBH-SBH binaries produce the largest
branching ratio, while IMBH-IMBH lead to the lowest one.
This can again be ascribed to the fact that hard binaries of
two SBHs have typically smaller semi-major axes than bina-
ries comprised of two IMBHs. As a consequence, stars that
undergo a resonant encounter with an SBH-SBH binary are
more likely to pass within the tidal radius of one of the two
BHs and get tidally disrupted. Branching ratios of binary
IMBH-SBHs are in between the SBH-SBH and IMBH-SBH
cases.
3.3 Orbital properties of binaries that exhibit
tidal disruption events
The semi-major axis of the binaries that undergo a TDE
depends on the host NSC mass and density, and on the slope
of the BH mass function β.
We illustrate in Figure 3 the distribution of semi-major
axes of the SBH-SBH binaries that undergo a TDE. In the
top panel, we show the case for ρNSC = 5 × 106 M pc−3
and different values of the NSC mass (Mod3), while in the
bottom panel, we plot the case for MNSC = 10
7 M and
different values of the NSC density (Mod4). The slope of
the SBH mass function is fixed at β = 2.3. We find that
the NSC mass has only a modest effect in shaping the semi-
major axis of the binaries that undergo a TDE, unlike the
host NSC density. The reason for this trend can be explained
considering that binaries have orbital semi-major axis in the
range (aGW, ahard), where
aGW ∝ M
1/15
NSC
ρ
1/6
NSC
. (19)
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Figure 2. Top panel: branching ratio as a function of the
NSC mass (ρNSC = 5 × 106 M pc−3, β = 2.3) for SBH-SBH
(orange), IMBH-SBH (red), and IMBH-IMBH (green). Central
panel: branching ratio as a function of the NSC density (MNSC =
107 M, β = 2.3) for SBH-SBH (orange), IMBH-SBH (red), and
IMBH-IMBH (green). Bottom panel: branching ratio as a func-
tion of the the slope of the BH mass function (MNSC = 10
7 M,
ρNSC = 5 × 106 M pc−3) for SBH-SBH (orange), IMBH-SBH
(red), and IMBH-IMBH (green).
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a ( AU )
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MNSC = 1.0 × 107 M
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MNSC = 1.0 × 107 M
Figure 3. Distribution of semi-major axis (a) of the SBH-SBH
binaries that undergo a TDE. Top panel: ρNSC = 5×106 M pc−3
and different values of the NSC mass; bottom panel: MNSC =
107 M and different values of the NSC density. The slope of the
SBH mass function is fixed to β = 2.3.
Larger densities correspond to smaller values of aGW, thus
a wider range of possible binary semi-major axes, while the
NSC mass does not have a significant effect.
Figure 4 shows the distribution of semi-major axes (a)
of the SBH-SBH binaries (top) and masses (mSBH) of the
SBHs (bottom) that undergo a TDE, for different values of
the slope of the SBH mass function. The mass and density
of the NSC are fixed to MNSC = 10
6 M and ρNSC = 5 ×
106 M pc−3, respectively. We find that the typical semi-
major axis of the binaries that lead to a TDE are larger for
smaller values of β. Shallower BH mass functions (smaller
β’s) produce on average more massive BHs, which can form
hard binaries at larger separations (ahard ∝ mSBH). The
slope of the mass function also obviously affect the mass of
the BH that undergoes TDE, producing less massive BHs
for steeper mass functions. The NSC mass and density do
not affect the SBH mass distribution.
The same trends discussed for SBH-SBH binaries hold
for IMBH-SBH and IMBH-IMBH binaries, with the only dif-
ference that their typical semi-major axes are larger, being
more massive than SBH-SBH binaries.
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Figure 4. Distribution of semi-major axis (a) of the SBH-SBH
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undergo a TDE, for different values of the slope of the SBH mass
function. The mass and density of the NSC are fixed to MNSC =
106 M and ρNSC = 5× 106 M pc−3, respectively.
3.4 Rates
We now turn to the astrophysical rates of stellar TDEs onto
binary BHs expected from NSCs. The rate per galaxy de-
pends both on the mass and density of the host NSC and
the absolute number of binary BHs (NBBH),
ΓTDE
gal
= NBBHnNSCΣTDEvdisp = 4.8× 10−7 yr−1 ×
×
(
Σˆ
0.01
)(
NBBH
100
)(
mBH
30 M
)2
×
×
(
105 M pc−3
MNSC
)(
ρNSC
105 M pc−3
)1/2
. (20)
In the previous equation, we have normalized to the typical
values of Σˆ found in the previous Section.
Interestingly, this predicted rate is similar to other TDE
rates predicted in the literature for a number of different
SBH and IMBH systems. Mergers of stars with SBHs have
been estimated to 10−7−10−9 yr−1 in star clusters (Kremer
et al. 2019; Samsing et al. 2019) and to 10−1− 10−4 yr−1 in
hierarchical triple systems (Fragione et al. 2019). Finally, the
rates for SMBHs and IMBHs are estimated to be 10−4−10−5
yr−1 (van Velzen 2018) and 10−3 − 10−5 yr−1 (Fragione &
Leigh 2018b; Fragione et al. 2018), respectively.
4 ELECTROMAGNETIC SIGNATURES OF
TIDAL DISRUPTION EVENTS IN BINARY
BLACK HOLES
In this Section, we start with the discussion of a canonical
TDE from an isolated BH, and we then extend the discussion
to the case of a binary BH-BH.
A star of mass m∗ approaching a BH of mass mBH will
be torn apart by its tidal forces if the pericenter Rp of its
orbit passes within the tidal radius RT of the BH. In the
Newtonian approximation, which is reasonably accurate for
RT >> Rg ≡ GmBH/c2 (Rg being the BH gravitational ra-
dius), this is given by Eq. 18. The strength of the encounter
is measured by the extent to which the pericenter of the
star penetrates inside the tidal radius of the BH, quantified
by the penetration parameter, βp = RT/Rp . The detailed
properties of a TDE depend on the magnitude of βp, varying
from a mild disruption for βp ≈ 1 to an increasingly more
violent encounter (and fuller disruption of the star) as βp
increases. Since the different fluid elements comprising the
disrupted star are disrupted at different distances from the
BH, they will have a spread in binding energy. The disrupted
material with positive binding energy is able to escape the
gravitational pull of the BH, while the bound gas stream
returns, moving on nearly geodesic orbits around the BH.
The timescale t0 over which the bound debris return
to the BH is approximately determined by the time that it
takes for the most bound debris to return to the pericenter
Rp (with Rp ∼ Rt),
t0 =
piR3T√
2GmBHR3∗
≈
≈ 9× 104s
(
RT
R
)3(
R
R∗
)3/2(
103M
mBH
)1/2
=
= 9× 104s
(
R∗
R
)3/2(
m∗
M
)−1(
mBH
103M
)1/2
. (21)
Once the first debris reaches the BH, the rate of fallback for
the remaining bound debris will depend on their energy dis-
tribution with mass. For a flat distribution, which is found
in objects which are completely or nearly disrupted, the re-
turn rate follows the scaling (Phinney 1989, based on the
original argument by Rees 1988),
M˙fb ∼ Mfb,0
t0
(
t
t0
)−5/3
, (22)
where
M˙fb,0 =
Mfb,0
t0
≈ 10−5 M s−1 ×
×
(
m∗
1 M
)2(
R∗
R
)−3/2(
mBH
10 M
)−1/2
(23)
On the other hand, in the cases for which only partial dis-
ruption of the star is achieved, the fallback rate is found
to be steeper than t−5/3 (e. g. Guillochon & Ramirez-Ruiz
2013).
Figure 5 shows the distribution of M˙fb,0 for different
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values of the slope of the BH mass function, for SBH-
SBH (top), IMBH-SBH (center), and IMBH-IMBH (bot-
tom) binaries. The density and mass of the host NSC are
ρNSC = 5× 106 M pc−3 and MNSC = 107 M, respectively.
Since M˙fb,0 ∝ m−1/2BH , steeper BH mass functions (higher
β’s) produce larger M˙fb,0’s. We find that the distribution of
M˙fb,0 peaks at ∼ 4×10−6 M s−1 and ∼ 1.3×10−5 M s−1
for β = 1 and β = 4, respectively, for an SBH-SBH binary.
In the same way, the distribution of M˙fb,0 presents a peak
at ∼ 5 × 10−7 M s−1 and ∼ 3 × 10−6 M s−1 for β = 1
and β = 4, respectively, for an IMBH-SBH binary. The dis-
tributions for IMBH-SBH binaries present peaks similar to
the distributions for IMBH-IMBH binaries, with tails up to
∼ 1.3× 10−5 M s−1. The reason is that most of the TDEs
in these binaries are due to the disruption of stars by the
more massive IMBH, which constitute the bulk of the dis-
tribution, while only a few TDEs are due to the SBH, which
make up the tails of the distribution.
The detailed evolution of the falling-back bound mate-
rial is largely determined by its ability to circularize in a
disk. For this to happen, the bound matter must lose a sig-
nificant amount of energy. This is believed to be possible as a
result of a combination of effects, such as compression of the
stream at pericenter, thermal viscous and magnetic shears,
and the General Relativistic (GR) apsidal precession, which
forces highly eccentric debris streams to self-intersect (see
i.e. Chen & Shen 2018 for a review of these effects). The
issue of whether circularization can be completed before the
end of the actual event still remains a matter of debate (Pi-
ran et al. 2015). The energy dissipation due to GR apsidal
crossings increases with the BH mass (Chen & Shen 2018),
and can become sufficient to produce circularization. How-
ever, for IMBHs and SBHs, this process does not appear to
provide enough energy dissipation to lead to circularization.
On the other hand, from an observational point of view, the
emission from a candidate TDE from an IMBH (Lin et al.
2018) was found to display evidence for thermal emission,
indicative of a thermal thin disk, and hence of efficient circu-
larization. For low-mass BHs, circularization may be aided
by the fact that the bound debris are not highly eccentric
(Kremer et al. 2019). Recent hydrodynamical simulations
(Lopez et al. 2019) have found that, for SBHs (with masses
in the range of those measured via GWs), energy dissipation
via shocks at pericenter can be significant enough to lead to
efficient circularization. For simplicity, we continue our dis-
cussion assuming that a disk can be promptly formed, but
keeping this important caveat in mind.
Once a disk is formed, the timescale for the tidally
disrupted debris to accrete is set by the viscous timescale
(Shakura & Sunyaev 1973). For a geometrically thick disk
(i.e with a scale height H/R ∼ 1), as expected at high ac-
cretion rates, this is given by,
tacc ∼ 1
αΩK(Rin)
= 4×103 s
( α
0.1
)−1( Rin
2 R
)3/2(
mBH
103 M
)−1/2
.
(24)
If the viscous timescale is short compared to the fallback
time, then the accretion rate to the BH directly tracks the
fallback rate, i.e. M˙acc ∼ M˙fb, otherwise its viscosity slows
it down. However, even under these conditions, for typi-
cal parameters the early accretion rate is expected to be
super-Eddington. Under these conditions, which are com-
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Figure 5. Cumulative distribution functions of M˙fb,0 for different
values of the slope of the BH mass function, for SBH-SBH (top),
IMBH-SBH (center), and IMBH-IMBH (bottom) binaries. The
density and mass of the host NSC are assumed to be ρNSC =
5× 106 M pc−3 and MNSC = 107 M, respectively.
monly observed in both the long and the short gamma-ray
bursts (GRBs, e.g. Popham et al. 1999; Narayan et al. 2001;
Janiuk et al. 2004), a relativistic jet could be launched, giv-
ing rise to high-energy emission. The maximum accretion
rates for SBHs have been estimated to be on the order of
10−6 − 10−5M s−1. These values are somewhat compara-
ble to those found in numerical simulations of the collapse
of blue supergiant stars (Perna et al. 2018), which have been
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Figure 6. Distribution of the orbital semi-major axis a and aBTDE (Eq. 25) for SBH-SBH (top), IMBH-SBH (center), IMBH-IMBH
(bottom) binaries that undergo a TDE. Left: β = 1.0; right β = 2.3. The mass and density of the host NSC are assumed to be
MNSC = 10
6 M and ρNSC = 5× 106 M pc−3, respectively. The black-dashed line represents the x = y line. Different colors represent
different observation times after the TDE: 1 month (blue), 2 month (orange), 5 month (green).
proposed as progenitors of the sub-class of very long GRBs
(Gendre et al. 2013). If launched (Fialkov & Loeb 2017), a
relativistic jet would produce high energy radiation (γ−rays
and X-rays) over timescales of 103 − 104 s. However, even if
a relativistic jet is not launched, an outflow is likely to be
driven, as demonstrated in both analytical works (Narayan
& Yi 1994; Blandford & Begelman 1999) and in radiation-
hydrodynamical simulations (Dai et al. 2018; Kremer et al.
2019).
Since many TDEs are observed with significant (and
often dominant) optical/UV emission, it is believed that
this must be produced due to reprocessing of higher-energy
radiation at some distance Rph within the outflow (see
e.g. Mockler et al. 2019). To zeroth order, the spectrum is
thermal, with an effective temperature at the photosphere
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Figure 7. Probability distribution function of the orbital periods P for SBH-SBH (top), IMBH-SBH (center), IMBH-IMBH (bottom)
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 and ρNSC =
5 × 106 M pc−3, respectively. The colored-dashed lines represent different observation times after the TDE: 1 month (blue), 2 month
(orange), 5 month (green).
Tph ' [L/(4piR2phσ]1/4. For parameters typical of an IMBH,
the spectrum peaks in the UV until the photosphere recedes
back to the radius at which the outflow is launched, and later
it peaks in the far UV and X-ray bands (Chen & Shen 2018).
The outflow luminosity during the super-Eddington phase is
not well known. There have been suggestions (e.g. King &
Muldrew 2016; Lin et al. 2017) that, for M˙acc & M˙Edd, this
luminosity scales logarithmically with M˙acc, while some nu-
merical simulations of super-Eddington accretion disks in-
dicate that, under the presence of strong magnetic fields
(∼ 103 G), the wind luminosity can be substantially larger
than the Eddington value (Sadowski & Narayan 2016). For
an IMBH of ∼ 104 M, the super-Edddington phase lasts for
over ∼ 10 years (e.g., Chen & Shen 2018), but it is shorter
for smaller masses (t(M˙) ∝ m1/2BH (e.g., Mockler et al. 2019)).
The radiation-hydrodynamic calculations by Kremer et al.
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(2019) show that, for a representative BH of 20M, the out-
flow can give rise to optical transients ∼ 1042− 1044 erg s−1
(with the different values mostly dependent on the mass
outflow rate), from timescales of a few hours to a few days,
slowly declining down to luminosities on the order of a few
×1040 – a few ×1042 erg s−1 over a timescale of about 100
days. Once the accretion rate becomes sub-Eddington, the
outflow is likely quenched, and the luminosity scales with
the accretion rate, eventually becoming sub-dominant with
respect to the luminosity of the accretion disk, as M˙acc de-
clines.
All the above considerations strictly hold for the case of
a TDE onto an isolated BH, or for the case in which, if the
BH is part of a binary, the companion BH does not perturb
the dynamics of the TDE stream (Hayasaki & Loeb 2016).
The required conditions for this to be the case, and the mod-
ifications in case of influence by the secondary, are discussed
in the following (see Coughlin et al. 2019, for a review). The
dynamics of the fallback debris will be drastically altered if
the relative magnitudes of the apocenter distance Rp and
the binary separation a are such that Rp > a/2. At time T
after the disruption, this translates into the condition,
a . aBTDE ≈ 6
(
M
103M
)1/3 (
T
1 month
)2/3
AU . (25)
Given the typical tight separations of our BH-BH binaries,
dictated by the high masses and densities of the host NSCs,
it is evident that binarity will influence the TDEs discussed
in this work.
We illustrate the effect of the secondary BH in Fig-
ure 6, where we plot the distribution of the orbital semi-
major axis a and aBTDE for SBH-SBH (top), IMBH-SBH
(center), IMBH-IMBH (bottom) binaries that undergo a
TDE, in a NSC of mass and density of MNSC = 10
6 M
and ρNSC = 5 × 106 M pc−3, respectively. Since typically
SBH-SBH binaries need to be tighter than IMBH-SBH and
IMBH-IMBH binaries to be hard binaries in a NSC environ-
ment (Eq. 2), the dynamics of the fallback debris is likely to
be perturbed by the secondary in a larger number of cases.
We find that most of the SBH-SBH binaries that undergo a
TDE present this effect within ∼ 1 month after the TDE.
On the other hand, IMBH-SBH and IMBH-IMBH binaries
can show signatures of binarity on longer timescales after the
TDE, owing to their typical larger separations. We show in
Figure 7 the probability distribution function of the orbital
periods P for SBH-SBH (top), IMBH-SBH (center), IMBH-
IMBH (bottom) binaries that undergo a TDE, presented
in the Figure 6. Most of the systems have orbital periods
smaller than a few months, implying that the modulation of
the tidal debris due to the companion BH can be imprinted
in the signal.
Simulations of SBHs (in the LIGO/Virgo range) by
Lopez et al. (2019) have shown that, for Rt > a, the binary
BH ends up embedded in a circumbinary disk which accretes
on both BHs on the viscous timescale. This situation would
hence likely lead to a transient similar to what discussed in
the case of a single BH. If the two BHs have unequal mass,
such as in the case of an IMBH-SBH binary, the accretion
luminosity would be dominated by that of the larger BH.
As discussed, a different outcome can arise if Rt . a. In this
case the disruption is dominated by the primary BH (closer
to the star), but the detailed later dynamics of the debris
is influenced by the secondary BH by an amount which de-
pends on the orbital separation. Lopez et al. (2019) quanti-
fied this via a90, that is the semi-major axis of the material
which contains 90% of the mass, as measured inwards from
the most bound star material. If a90 < RL, where RL is the
Roche lobe radius of the disrupting BH (Eggleton 1983),
then most of the debris will accrete onto the primary BH,
with only a small perturbation by the secondary one, and
hence the TDE will be similar to that of the isolated BH
discussed above. On the other hand, if a90 & RL, the tidal
debris will be affected by the presence of the secondary BH,
and accrete onto it, giving rise to more complex light curves,
whose detailed shape depends on several parameters, includ-
ing the mass ratio of the BHs in the binary. However, peak
accretion rates are still found to be of the same order of
magnitude as for the isolated BH case, hence leading confi-
dence to the observability of TDE events under a wide range
of conditions. It should be noted, however, that extracting
the masses of the BHs in the case in which both contribute
to the TDE will be significantly more difficult with respect
to the case in which the TDE event is dominated by a single
BH (Mockler et al. 2019).
The next decade is expected to be transformative for
transient astronomy, and especially so for TDEs, with the
upcoming optical surveys, and in particular the Zwicky
Transient Facility (ZTF)6 and LSST7. An event with an op-
tical luminosity of ∼ 1042 erg s−1 can be detected by ZTF up
to a distance of about 150 Mpc. However, the major observa-
tional breakthrough for TDEs is expected with LSST, which
will be sensitive to an event of luminosity ∼ 1042 erg s−1 up
to a distance of ∼ 0.5 Gpc with 15 s of integration time in
standard routine sky scans in the r band (yielding a limiting
magnitude of r ∼ 24.5).
5 CONCLUSIONS
We have discussed the electromagnetic signature of TDEs
of stars through the assembly and merger of binary SBHs
and IMBHs in NSCs. The lightcurve of these TDEs could
be interrupted and modulated by the companion BH on the
orbital period of the binary (Liu et al. 2009; Coughlin et al.
2017; Fragione et al. 2019), enabling to probe their orbital
period distribution (Samsing et al. 2019). We have explored
in detail the dynamics that drive stars in NSCs to be tidally
disrupted by SBH-SBH, IMBH-IMBH, and IMBH-IMBH bi-
naries. We have shown that the orbital properties and the
masses of the binaries that exhibit a TDE are set by the
NSC mass and density and by the slope of the BH mass
function.
For typical NSC properties, we have estimated a merger
rate of ∼ 10−6–10−7 yr−1 per galaxy, which is similar to
other TDE rates predicted in literature for a number of dif-
ferent SBH and IMBH system, including TDEs in star clus-
ters (Kremer et al. 2019; Samsing et al. 2019), in hierarchi-
cal triple systems (Fragione et al. 2019), and onto SMBHs in
galactic nuclei (van Velzen 2018) and IMBHs both in galactic
nuclei and star clusters (Fragione & Leigh 2018b; Fragione
et al. 2018).
6 https://www.ztf.caltech.edu/
7 https://www.lsst.org/lsst/
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The ejected mass associated with these TDEs could pro-
duce optical transients of luminosity ∼ 1042–1044 erg s−1
with timescales of order a day to a month. These events
should be detectable by optical transient surveys, such as
ZTF and LSST.
Present and upcoming GW detectors promise to detect
hundreds of merging SBHs and IMBHs over the next
decade. The origin and distribution of these SBH and
IMBH binaries in dynamical environments is a fundamental
and a key scientific question that will be addressed by
the forthcoming data. TDEs offer a unique insight into
dynamically assembled binaries in the dense environments
of NSCs, where the effect of binarity can be detected within
only a few weeks up to a few months. Moreover, they
provide a unique probe of the elusive population of IMBHs,
which could be difficult to trace through other observations.
As new electromagnetic surveys, such as ZTF and LSST,
improve and start operating, a large number of TDEs is ex-
pected to be observed, rendering these transients excellent
probes of the SBH and IMBH populations in galactic nuclei.
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